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Stability, drg, and ningcha ..t.ri
of so lid cloth p~araichutcs -hn:with altitvde,,'. S IimiI la r
chn..es can be obsrvcd at a 4•.vn altitude when the
air prrne<ability or poro3Ity of the. cloth ±a beitRn var!cd.
In this study it is shownq that the porooity of a given cloth
ch.,..g.s effectively with the density and the cw pre.ibLility
of the air. The effective porosity is related to Reynolds
and Mach numbers and it was found that the flow of air
through the cloth is in general turbulent but tray approach
under ,ertain circunstances a larinar flow character,

Tables and graphs showing the effective porosity
of four cocron types of parachute cloth and of one type
of a Perlon screen wi th 5% geometric porosity, as Aell
as equations and coefficients which permit under certa .n
simplifying assauptions th..W calculation :±' the effective
porosity are presented.

iJAI iiii



TPJ-ýtE OF cCOzNT1,NS

P A

I. Introduction ..... . . . . . . . . . *. . 1
II. T1eEC0tfect O: .1tv . ....... .0. . . 2

III. Measurement and Annalysis . . . . . . * . . . . $

IV. Calculation of the Ekfec'Ive Porosity . . . . 30

V. Experimental Results for Parachute
Performance Calculations . . . . . . ... a . 35

VI. Sunrary . . ....... . . . . • . . . . 35

VII. References 8. . . . . . . . .... .. . 48
VIII. Bibliography ...... .... . . . . . . 53

Appendix - Results of Air Flow Measurerents
of Various Wire Screens ...... 51

IV

.1.v

• ' ' I i i I I I I I " Ia



I. oninal Porosity of T'aachuýt-. Natcr~l.,

versus Differ Yi.n i •uro . . . ...... 3

2. Derivation of the T~r,"Effectiv¢e Por-ozity".

3. The Effective Porosity of Parachut'e Haterlala

versus Differential Pressure . . . . . . . . . 4

4. Microscopic Photos of Four *,0nerally Uhied
Parachute MaterlaI3 (U.S. Specificattons) • • 5

5. Porosity Measurinbg Apparatus......... 9

6. Effective Porosity of Nylon Cloth,
40 1b/in, MIL-C-7020, TypeO I * * * a • • * 12

7. Erfective Porosity of Nylon Cloth,
.0 Ib/in, MIL-C-7350B, Typel . . . ...

8. Effective Porosity of Nylon Cloth,
200 lb/in, MILC-85021A, TyFpe I . . . . .... 16

9. Effective Porosity of Nylon Cloth,
300 lb/in, NIL-C-8021A, TypeII . . . . . .

10. Effective Porosity versus Pressure Ratio
for 30 x 40 Mesh Stranded Weave Wire Screen • 19

11. Nondimenslonal Effective Porosity versus Den-
sity Ratio for MIL-C-7020B, Type I, 40 lb/in
Nylon Cloth . . . . .... . . . . . . 20

12. Nondimensional Effective Porosity versus
Density Ratio for MIL-C-7350B, Type I,
90 lb/in Nylon Cloth...... .... . 21

13. Nondimensional Effective Porosity versus
Density Ratio for MIL-C-8021A, Type 1, 200/nNylon #4loth

14. Nondimensional Effective Porosity versus
Density R:atio for MIL-C-8021A, Type II,
300 1b/in Nylon Cloth . . . ..... . . .. 23

15. Density Fxponent versus Reynolds Number
for MLn-C-7020B, Type I, 40 lb/in Nylon
Cloth 0 0 0 .. . . • 0 0 ... 0 0 0 6

16. Density Exponent versus Reynolds Wumber for
NII-C-7350B, Type I, 90 lb/in Nylon Cloth . . 27

V

. - , _



ILLUSTFATIO,,',ý' (CO'NT.)

17. D.=nIty Exron-ent v,=,nu: Ivynoldý Nur
fo- 1,IL-C-S'021A, 1jp2 I, £10) lr./in
Nylon Cloth 3.

18. Density Exponent versus Veynolds Nuw-&r for

MIL-C-8021A, Type II, 300 lb/In Nylon Cloth 29

19. Nozzle Discharge Coefficient . . . . . . .. . 32

20. C Computed from the Isentropic Flow Zquation
and Enipirical Discharge Coefficienit; arid
Experimental Valu3 of C for 90 lb/in Cloth . . 34

21. Effective Porosity versus Prersure Ratio for
MiL-C-7020B, Type I, 40 lb/in Nlylon Cloth . . . 37

22. Effective Porosity versus Pressure Ratio for
MIL-C-7350B, Type I, 90 lb/in Nylon Cloth . . • 39

23. Effective Porosity versus Pressure Ratio for
MIL-C-802]A, Type I, 200 lb/In Nylon Cloth . . . 41

24. Effective Porosity versus Pressure Ratio for
MIL-C-8021A, Type TI, 300 lb/in Nylon Cloth •3

25. Effective Porosity versus Pressure Ratio for
30 x 40 Mesh Stranded Weave Wire Screen . . . . 45

26. Effective Porosity versus Pressure Ratio for t
45% Geometric Porosity Perlon 7. .... • 47

27. Microscopic Photographs of Various Wire
Screer .. .. . ........... 52

28. Schematic Wire Screen Characteristoc• ... . 53

9a-j. Effective Porosity va Air Denity Ratio fonr
Various Wire Screens. . . . . . . . . . . . .5459

Vi-

t



XLL;T ME` TAH,%',

1. IEffo .tIve r~ornlty of MIf.,-C-7I2cT8 Type I,
40 fl/111 Nylon Cloth # 11

2. Effciv.4cv, Porosity oZ^ MIL-C-73550:3, TYP,,2 L
9.1 lb/in 14ylor Cloth * . .. . .13

3. Effective Por'osity of MIL-C-83021A, Type 1,

4. Effective Porozity of MTL-C-60,ŽIA, Type6 11,
3001Ibin Nylon Cloth 9 * ~ 9 9 * 1

5. Effective Porosity of 40 lb/in ?wylon Cloth,
M2EL-C-7020B3, Type 1. at VarIOU3 Pressure
and Density Ratios ..-..... * 36

6. Effective Porosity of 90 lb/in N~ylon Cloth,
MIL-C-7350B, Type I, at Various Pressure
and Density Ratios . . . . . . . a . . 0 38

7. 1Effectivv Porosity of 200 lb/in Nylon Cloth,
MItL-C-8021AO Type 1, at Various Pressure
and. Density Ratio3 . . . . *40

8. Effective Porosity of 300 lb/in Nylon Cloth,

MIL-C~-802lA, Type :11, at Various Pressure

9. Effective Porosity of 30 x 40 Wire Mesh at
Various Pressure and Density Ratios ... 44

10. Effective Porosity of 45% Geomietric Porosity
Perlon Cloth at Various Pressure Ratios and
Density Ratios . . .. .. .. . a a. . 46

vii L



A area

M ?Mic'h wnurber

1', p pre&surc!

T temperature

ratio of specific heat at constant pre~sure
to specific heat at constant temperature

A coefr~cient of viscos~ity

p dens-ity

Subsicripts

( cr signifies state at which. M I

()ttir signifies throat location

()o, signifies sea level condition

( ~, signifies conditions upstream of parachute cloth

()2 a ý_nifies c&onditions downstream of parachute

C ) signiries free stream conditions

Additional symbols, when used, are defined in the texct.
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However, for parachute filling tire e cqmenir;-
shock calculations, one ha3 to solve a .aia toalan'e fuation'
in which one-- comparco the vwvor al~r flo-inAig Itnto the
canopy with the air which e..cap.ecs through the •porVu, can,"qpy
raterial (Ref 8). Thlc p.roc.••s has lead to the cotabltsh.nt..
of a dimensionless term which is the ratio of the aver• -o
velocity, U, through the porous surface to a conveniently
defined free stream velocity, V. The fictitious velocity,
V, is derived from the assumption that the pressure dif-
ferential across the cloth equals the dynamnic pre"aun of
this velocity. In thIs concept, the free stream deonsity,
or the density on the downstream side of the cloth is tzed
for the computation of the fictitious free stream velocity,
V. Figure 2 shows schematically the cloth as a grid, the
free stream velocity, V, the pressure differential, Ap,
and the average velocity throagh the cloth called U. The
ratio U/7 is identified as effective porosity; the nnlnal
porosities pmesented in Fig I are converted to effective
porosities and shown •n Fig 3.

Looking at the cloth as a porous screen leads to
the idea of considering the volumetric flow throughJ the
cloth as a function of the openings or orifices and the
air resistance of the individual threads, which possibly
could be considered as circular cylinders, and a number of
attempts have been made to compute the air resistance of
a woven sheet in this manner (Refs 9 IO, 11, and i2).
However, microscopic pictures (Fig ?5 of four frequently
used materials indicate that the assumption of a simple
cloth geometry may be an oversimplification and the results
of a purely analytical treatment in the indicated fashlon
would probably neglect several significant characteristics.,
Therefore, it was decided to measure the actual flow rate
through the cloth and the results of these experiments will
be reviewed in the following.
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F1,otirc 1 1w 1 c, thntat ti.e te.. rt.te V
the clot in rt In with. t . th e aetia; ....... 0: t nity,
nmty ne- c thato teet rul l ocruhi will cLext In nt wc
mito nlcrvrvr n~n 7 bny, a hteynr"'n'1 nun'be cfrtct,
unti 1,thW crit~le,1 prcz.* rwe di ftrron't~i Is r macb ý' ato

which the 1 v leI t Y ttIrC three: 6-T- Ih oriI cre rfct i t i-n ý ti;tCrld
of scr ml. A ftrt~ trswof tlh 'e dltfr retia~ ~l2 et
will thzn not furt-her inr&, nwte tr ide trr a
soac-niled c~hok-ing, effect Will occur. hrfrI't &apO$'fýL3"
to be adv1sable to study the flow in both tLe in.t2ThreO.thle
and c'v:preeible flow regirloes and to interupret the reaulti'a
in view of the clatsical aspects of Remolds and tach rPuters.

A further objective of this study is th1 derivation
or a relatively simple relationship between eftective porosity
and air density, because thIs may help to explain the Incvmm~e
of opening shock and the change of the stability behavior
with altitude.

Corzcdering fr-st incomprpessible flow, one Pay ,
ansune that the air flows through the fine orificen of a
relatively thick cloth szo-meuhat like through a short tubo
and that the flow is neither completely laminar nor all
turbulent. Therefore, an analysis of the two border cases
seems to be in order.

For fully developed laminar flow, Itagen-Poiaeuille's
law provides the following relationship:

ep- •tr (i)

in which L - length of the tube
D a diameter of the tube.

With Q tr D2A/, the average velocity in the tube is

~De

and the effective porosity may be written

V. V- ,

and specifically for sea level density

CO- ( .3a)

6
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,.dwIthl fo~ h ~c~~vr'I~ r turl' tx. titu'll
but fo tl' s di.fcr...ti.al

C (14)

A sinilar analyslo ray be mn.,,de for the eurtlcn
of full- developed turbulent flow. With the Blaslus forn;*Ia

and

S (6)
the velocity Is

2 APD 4 7ý p 3 •1/ (7)

Using V = (2&p/p)f and the subscript zero for sea leve1l
density, the effective porosity C may be written

1/14 1/7 1/14
C an (8)

With o a, , and for the same differential pressure, one
obtains for fully developed turbulent flow

1/14

C - a o . (9)

The assumption of both laminar and turbulent flow
in the region of incompressibility leads to a relationship of
the form

C -coo (10)

and it Is now one of the objectives of this study to establish
experimentally the value of the exponent "n" for various
types of parachute material from which one also may conclude
If we have laminar, mixed or turbulent flow.

Once the differential pressure Is high enough to
establish sonic flow, the effective porosity of the cloth

7
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will dcclix.e with increazIinr2 pprm ur. Tt•er.tor,
the den,"ity ratio, a, the prentuxt ratio A%/tpcr ebal
be introduced as a basic pararc- ter.

In view of the methocIS uAcd in the prforr ..
calcul.tlcrs, the experir... tat nty vill ccnntaln thc
velocity U in tets of the volQJuxetric flow on the u Vt.t'v
or hi£gh pressure side of the cloth,

III. MEASUP"RIENT AND ANALYSIS

In accordance with the preceding analysis, thr,,
effective porosity of one wire screen and four textile..-J
materials frequently used for parachutes were meastured by
means of the apparatus showrn in Fig 5. The experitento
were made over a density ranre of a between 0.1 and 1.0
and a pressure ratio of tp/tPcr between 0.0i and 2,0.
The cloth and wire samples were bonded to a ring w~th a two
inch internal diameter and then placed in the test section
of the apparatus. The perranent bonding was chosen in order
to avoid slippage with the associated uncertain effective
cloth area. The density ratio, a, is d&fined as the ratio
of the density on the downstream side cf the porous screen
and the standard sea level density. The wire screen has
been incorporated because one ray suspect that the textile
screens change their geometry with tha pressure loading
and therefore their observed porosity may reflect not only
Reynolds and Mach number effects, but also consequences
of the elasticity ot the cloth. The wire screen would not
have any elasticity effects. In the course of the investi-
gation other wire screens were xeasured. The results ow
these measurements are shown later. These tests did not
serve the purpose of basic analysis but represent merely
quantitative information.

The flow rate in the apparatus shown in Fig 5
was determined by means of calibrated orifice plates or,
when the flow rate was very small, direct Indicating flow-
meters were used. Both arrangements are illustrated in
Fig 5. When the orifice method was used, the flow rate
was obtained in a process described In the AS.SE. Power
Test Code PTC 195;4-1959. In particular, size and form
of the orifice plates, the arrangement of the pressure
taps and the evaluation of the data points is in accordance
with Pig 1, Chapter 4, and other instructions given in said
document.

8
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Fi.r'( 6 throw(th 10 and Tible.s I throuqth 4*
the renultzi or h.c '~ ns It can be ~enthat th'e,
porosit.y rac ... criticz of the cloth ani those of the:, w,•*o'
screen atre principrlly ilnical, ard it ray be concli
that the rV it slejifi ant ch-rracteriatlcs of the rec tded
effecte p-rc-.tk-i arc con-qu-ence3 of aerodyyn-,.ic r'en-
oah-na and not caused by structutral defon iatione.

It is evident that tho effective porosity of the,
wire and cloth screens dccrc-a.ses with decreasing air denzIity.
Since for a constant pressure ratio, the density is the
prine variable of the governing Reynolds number, it can
be concluded that the effective porosity of the screen
is a function of the Reynolds number.

The slope of the effective porosity curves versus
the differential pressure is in all cases positive up to
a certain pressure ratio and then becomes negative. This
seems to indicate that the air resistance of the cloth
decreases as the Reynolds rrinber increases until compres-
sibility effects become more influential; choking of the
flow occurs when sonic speed in the cloth orifices is
reached.

Analyzing the limited number of experimental
results first in view of Reynolds nu~mber effects one may
remember the postulatlon that the effective porosity pos-
sibly can be presented as an exponential function on the
.basis of the density ratio. Therefore, the results shown
in Figs 6 through 10 were rearranged in accordance with.
Eqn 10 and presented in this form in Pigs 11 through 114.

Originally the relationship between effective
porosity and density was derived on the basis of identical
pressure differential Lp. However, in the following
treatment, the pressure ratio, &p/!Pcr was used which
is also the parameter in the Figs 11 through 14. If the
postulated relationships for lamirar and turbulent flow are
expressed in terms of aPp/APcr and for &Per = 0.89 P2, and
also the equation of state is used, one obtains respectively
for laminar and turbulent flow re-lationships

C = Coa (1)

and

C C0&ri/7 (12)

* Only a limited number of test results have been used. More
complete tables will be found in Section V of this report.

10
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Reviewing the results shown in Fij-> 11 through
il, onr obsorvcz that the results of rrny expmrlnents seem
to follow Eqn 12 almrost perfectly which would indicate
fully developed turbulent flow. The minimm pressure at
which this occwrs varies with the thi c,.es eind the type
of weave of the cloth.

All cloths under investigation indicate an exponcri
larger than 1/7 for relatively snall density and low pressure
ratios. In particular, the lightest and thinnest cloth
with a tensile strength of 40 lb per inch approaches for
very low density and smaller differential pressures the
relationship shown in Eqn 11. This Indicates that for this
type of cloth and under these flow conditions, the flow
through this cloth is nearly laminar.

In general, the experiments confirm the originral
assumption that the effective porosity of these porous
cloths is a function of the Reynolds number. The practical
aspect of these experiments is the fact that for the same
differential pressure or for the sa-me pressure ratio, the
effective porosity of the woven cloth decreases with de-
creasing density.

The exponent in Eqn 10 signifies the character
of the flow through the cloth orifices, and for further
analysis it appears to be useful to plot the density exponent
"n versus the Reynolds number of the related flow condition.

A meaningful Reynolds number uan be established
for a rectangular stream tube which approaches the cloth
from the free stream and which then passes through the
orifice of the cloth. The width of this stream tube before
passing through the orifice is the characteristic length,
L, and can be found from the number of threads per unit
length of the cloth.

In view of the definition of the effective porosity,
the Reynold- number of the stream tube is

LCVP(
Rei

Since all density references in this study are made in
relationship to the downstream conditions, one may introduce

PI T2
P1 P2 T

Experimentally It was found that T1 = T2 and with P1 I
P2 11 + 0. 8 9 &p/CPcr) and P2 = Po°e, the upstream density

24



S p0"o(l + 0.8r&/J4• r). (Ii)

l'"

V 1..

2(PI _,

S(1.7,9 F2 T 2)½(
•PCr•

Again, with T] L- T2 , and combining Eqns 13, 14, and 15, the
Reynolds number cf the strexm tube amounts to

e pa (1 + 0. 8 9 () (178 60 RT2) (16)

The Reynolds numbers of the experiments, derived
in accordance with Eqn 16, are now combined with the density
exponents of Figs 11 through l.- as shown In Figs 15 through
18. It can be seen that all four fabL'ics apparently have
fully developed turbulent flow at Reynolds numbers larger
than 200. The region of transition is obviously between
Reynolds numbers of 100 and 200. The lightest and thinnest
cloth approaches laminar flow at a Reynolds number of approxi-
mately 10 whereas the heavier materials Indicate a mixed
flow for the same Reynolds number. The thickest and heaviest
cloth, 300 lb per inch tensile strength, has apparently the
highest degree of turbulence and the lowest Reynolds numberat which transition to full turbulence occurs.

25
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In view of the surprizing r larltles between
effective porosity nd Reyolda and 1 t one
indeed tempted to calculate the flow or air through the
cloth by a sonewhat conventional rethod.

Utilizing again the stream tube concept, one
.orifice in the cloth may be considered to be a nozzle with
a particular discharge coefficient. For rechanical nozzles,
such discharge coefficients are known, as for example, in

• Ref 14, from which Fig 19 is taken.

With the energy equation, continuity condition,
"and adiabatic expansion one has for the flow velocity in

* a Jet the equation (Ref 15):

U M r-

1 1 24 (17)

in which A2/AI represents the contraction ratio of the
stream tube.

Microscopic pictures show that the contraction
ratio Ap/Al is in the order of 0.07, and since P1 > P2,
Eqn 17 can be simplified to:

2 P1 ["1 (17a)

Introducing the equation of state and rearranging Eqn 17a
provides:

A 2 - • (Pa,1 )F[( Li) - ). (18)

If the critical pressure ratio between the two
sides of the cloth is reached, P 2 /I = 0.528, sonic velocity
exists in the orifices or in the throat of the assumed

30



nozzle. For this condition one h-is (O'f 15):

Pth2

Pecause of A2,/A1 << 1, Pl PO , and P2 replaced by Pthr,
Eqn 17a provides

U A 2 1 P1  (20)

Equations 18 and 20 can now be used in the expression
for the effective porosity, which is

C W VU

with

r 2(P 1 - P2 ) 121

v P 2 (211

Furthermore, the experiments indicated T1 • T 2.I
and introducing for viscous flow the discharge eoeificien£,
K, Ref 14, Fig 19, the effective porosity fG' the subcritical
case follows from Eqns 18 and 21 with the eqtation of state
for

P2

A2 P2  "7i 1

For the critical and supercritical case, Eqn 20
and 21 provide 4 + 1

C - K + (23)
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The3e equations can now be w-Itten in terro of
6P/Alcr and one obtains for

P1  AP W 0.893 6r + 1

which allows one to write Eqns 22 and 23 in the following
for=:

A2

0.89 e or +1) ÷ [ 0.893 +-i])
C o'r, I½I ,

/IT

A . 2 '2• L.+8•) (23a)

Cm i.- [0.893 Zcr

The equations above, combined with the Reynolds
number from Eqn 16 and the discharge coefficient from Fig 19
provide now a certain basis to calculate the effective porosity
under a number of idealizing assumptions. These assumptiors
are a certain regularity of the cloth porosity, the knowledge
of the actual geometric porosity of the clothand the identity
of the discharge coefficients of the cloth crifices and a
mechanical nozzle. Of course, these conditions are not exactly
f'ulfilled. Furthermore, the flow through the cloth under the
con4ition of very small Reynolds numbers may fall in the slip
and transitional flow regime connected with a drastic change
of specific air resistance. These effects are not considered
in the present analysis.

Figure 20 is a comparison of experimental and
calculated results. The results fit well enough to allow
the statement, that the presented treatment of cloth porosity
appears to come close to the actual mechanics of the flow
phenomena. Appreciable deviations occur where one would
suspect a Knudsen number influence, the study of which,
however, is beyond the scope of this investigation.
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V. EXrER1,0iTAL RE.IULTS FOR PARA(=1UT

PERFOF091CE CALCULAT1ONS

The principal objective In the preceding analysis
was the study of the mechanics of the flow through the
wcven textile screens. For parachute performance calcu-
lations some directly applicable values are probably most
welcome. Therefore, an independent series of experiments
were conducted in which numerous cloth samples were examined
and reliable average values established. The results of
these tests are presented in Figs 21 through 26 and Tables
5 through 10.

It can be seen that the experiments were extended
I.to the regimes of very low pressure and density ratios
which occur during parachute operations at relatively low
speed and at low as well as at high altitudes, including
the conditions of steady state descent.

Furthermore, a very porous Perlon screen has been
incorporated, which 13 used fur the fabrication of a partzcular
type of supersonic parachute. Also a number of wire screens
were investigated. The respective results are shown in the
Appendix. The measurementsof these screens may not have a
direct bearing on a study of screen porosities in view of
parachute technology, tut they may be considered to be related
data.

All investigated samples show the principal porosity
characteristics as discussed in the preceding paragraphs,
and these additional tests may be considered as a further
proof of the general conclusions derived in the preceding
flow analysis.

VI. SUMMARY

The investigation has shown that the effective
porosity of woven sheets can be calculated in the right
order of magnitude, and that its characteristics follow
the general aerodynamic principles related to Reynolds and
Mach numbers. In particular the investigation has shown
that under otherwise similar circumstances, the effective
porosity decreases with the air density, which explains at
least in part the variation of the parachute performance
characteristics with altitude.
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